IsoSTED nanoscopy, a variant of stimulated emission depletion (STED) microscopy, utilizes two opposing objective lenses and features the highest three-dimensional resolution of STED nanoscopes currently available. However, this technique is limited by axially repetitive side minima in the interference pattern of the depletion point-spread function (PSF), which can lead to ghost images. Here, we describe novel strategies to further improve the performance of isoSTED nanoscopy by reshaping the PSF. In particular, we propose employing moderate defocus on the depletion beam to reduce the side minima. Furthermore, we demonstrate a simplified alternative based on objective misalignment and quantitatively compare the expected performance between the two approaches.
IsoSTED nanoscopy, a variant of stimulated emission depletion (STED) microscopy, utilizes two opposing objective lenses and features the highest three-dimensional resolution of STED nanoscopes currently available. However, this technique is limited by axially repetitive side minima in the interference pattern of the depletion point-spread function (PSF), which can lead to ghost images. Here, we describe novel strategies to further improve the performance of isoSTED nanoscopy by reshaping the PSF. In particular, we propose employing moderate defocus on the depletion beam to reduce the side minima. Furthermore, we demonstrate a simplified alternative based on objective misalignment and quantitatively compare the expected performance between the two approaches. The past two decades have seen a revolution in far-field light nanoscopy (or "super-resolution" microscopy). By coordinatetargeted or stochastic temporal switching of fluorescent probe molecules [1, 2] , optical far-field nanoscopy bridges the resolution gap between electron microscopy and conventional fluorescence microscopy allowing many biological questions to be addressed by light microscopy for the first time.
Conceived in 1994 [3] , stimulated emission depletion (STED) nanoscopy was first demonstrated in biological samples in 2000 [4] and has since revolutionized fluorescence imaging. STED nanoscopy restricts fluorescence to a subdiffraction-sized region by quenching excited fluorophores through stimulated emission. The excitation focal spot of a laser scanning microscope, coincident with a ring-shaped depletion focus, is scanned across the sample. As the resolution improvement for the STED method requires inhibiting fluorescence emission everywhere but at the center of the depletion focus, a high-quality "zero"-intensity point in the center of the ringshaped depletion pattern is mandatory [5] . Continuous technical and scientific advances over the last ∼15 years have enabled three-dimensional (3D) STED imaging. In particular, using two opposing objective lenses in a so-called "4Pi" geometry [6, 7] allows the creation of a sharp central minimum in the axial direction of the depletion focus and has enabled 33-nm z-resolution [8] . Further advancing this method, "isoSTED" nanoscopy [9, 10] (Fig. 1) , has demonstrated isotropic resolution of 20-50 nm.
To generate a depletion profile enabling isotropic compression of fluorescence in isoSTED nanoscopy, two depletion patterns featuring a common focal zero are utilized: one for lateral (STED xy ) and another one for axial (STED z ) depletion (Fig. 1) . However, the STED z depletion profile exhibits axially repetitive interference minima (intensity zeroes) above and below the focal plane that overlap with the excitation and detection PSFs. These minima are formed by the superposition of the waves emerging from the two objectives and propagating in opposite directions. The minima, which theoretically feature zero intensity, prevent fluorescence depletion at their locations resulting in sidelobes in the effective PSF (the combination of excitation, depletion, and detection PSFs) above and below the focal plane. These sidelobes create artifacts, so-called ghost images, and degrade image quality. In principle, deconvolution [10, 11] can mitigate this phenomenon, but requires an additional image post-processing step, relies on accurate knowledge of the PSF, and is limited to images with good signal-to-noise ratios (SNR).
Here, we present the theoretical groundwork to eliminate sidelobes from the effective PSF in isoSTED nanoscopy by introducing defocus to the STED z beam (Fig. 2) .
For a single high-numerical aperture (NA) objective, the field distribution around the focus can be calculated using the vectorial theory proposed by Richards and Wolf [12, 13] . This can be expanded to 4Pi architecture by introducing a transformation matrixM accounting for the counter-propagation of the two fields [14] . The 3D intensity distribution in the focus of a 4Pi system can be written as
withM
Here E single r denotes the field generated by a single objective at position r, and φ is the phase delay between the two fields.
Equations (1) and (2) are applicable to both excitation and depletion focus patterns (Fig. 1) . Although the fluorescence signals collected by the upper and lower objectives are coherent, they do not interfere with each other because the polarizations of the two beams are orthogonal after passing the polarizing beam splitter (Fig. 1) . Therefore, the detection PSF of the isoSTED nanoscope is by default the incoherent addition of the detection PSFs from the two beam paths. Thus, the effective PSF of the isoSTED nanoscope can be calculated as [15] h eff r h 4Pi;exc rh det r ⊗ prηr;
where ηr exp− ln2h 4Pi;STED r∕I s .
h 4Pi;exc r, h 4Pi;STED r, and h det r are the excitation, depletion, and detection PSFs, respectively. pr is the pinhole function with px; y; z 1 for z 0 and x 2 y 2 ≤ R 2 , where R is the radius of the detection pinhole projected into the sample, and 0 elsewhere. I s is the STED saturation intensity at which the probability of fluorescence emission is reduced by half. We further define a saturation factor s as
where r 0 is the position where h 4Pi;STED r is maximal.
For quantitative analysis, we assume an isoSTED nanoscope with the system parameters given in Table 1 .
Simulation results showing the intensity distributions for the standard depletion focal spots are presented in Fig. 2 . To reduce the repetitive interference minima (intensity zeroes) along the optical axis in the STED z pattern to a negligible level To qualitatively test the effect of our defocus-optimized isoSTED PSF, we simulated an xz microtubule image [ Fig. 3(a) ] as a test sample and convolved it with both the original and optimized PSFs. The image generated using the original isoSTED PSF suffers severely from ghost artifacts as seen in Fig. 3(b) . In contrast, the modified PSF results in an artifact-free image [ Fig. 3(c) ]. A potential disadvantage of this approach is that defocusing the overlapping STED z focal spots results in a reduction of the STED z peak intensity and thus reduces STED image resolution. To investigate the potential tradeoff between sidelobe suppression and resolution, we calculated the sidelobe height and axial STED resolution over a range of defocus coefficients a and saturation factors s (Fig. 4) . Figure 4 (a) presents simulation results showing the relationship between the effective PSF full-width half-maximum (FWHM) in the z-direction, the defocus coefficient, and the saturation factor, while Fig. 4(b) presents the ratio of the 1st sidelobe to the peak intensity of the effective PSF. Targeting a z-resolution of better than 40 nm, we set the saturation factor for STED z to s 40.
The corresponding values of FWHM and sidelobe/peak ratio as a function of the defocus coefficient a are shown in Fig. 4(c) . For a 0.73, the reduced peak intensity [Figs. 4(d) and 4(e)] enlarges the FWHM of the effective PSF by only 8.5% (from 35.4 to 38.4 nm). Yet, the sidelobe/peak ratio decreases by 89.4% (from 0.086 to 0.009) due to the intensity enhancement at the axially repetitive interference minima. We therefore consider a 0.73 an optimal value and use this in the following discussion.
The proposed phase manipulation can readily be achieved by placing a phase mask, such as a spatial light modulator (SLM), into the STED z beam path [17] . To directly manipulate the complex pupil function, the SLM is conjugated to the back pupils of both objectives [18] . If adding an SLM is not possible, an alternative solution is to physically change the distance between the two opposing objectives to realize STED z focus misalignment. However, in contrast to only adding defocus in the STED z pattern, axially shifting the objectives impacts all PSFs, including the excitation, detection, and both depletion PSFs (STED xy and STED z ).
To compare these two approaches, we calibrated the focus shift resulting from misaligning the two objectives in terms of the defocus coefficient as Δ 0.66a [ Fig. 5(a) ]. Here the misalignment Δ is measured in wavelengths (λ). Specifically, a 0.73 corresponds to a misalignment of 0.48λ. For the excitation PSF, our simulation indicates a parabola-shaped reduction of the peak intensity [ Fig. 5(b) ] if a misalignment is applied. The peak intensity is reduced by 16.7% if we shift the objectives by 372 nm (equivalent to 0.48λ for a depletion wavelength of 775 nm). As the fluorescence signal is, to a good approximation, proportional to the excitation intensity, this results in a significantly reduced SNR.
Next, considering the impact on lateral resolution, we targeted an xy-resolution of better than 40 nm requiring a saturation factor of 60 or more. In our simulation, we set the saturation factor to 61.5 and achieved a lateral resolution of 38.1 nm with ideal objective alignment. When we simulated the result of shifting the objectives axially, we attained an expanded effective PSF FWHM in the lateral direction [ Fig. 5(c) ], stemming from a lower peak intensity in STED xy pattern. For an objective misalignment of 0.48λ, the lateral FWHM of the effective PSF increases by 8.4%, owing to 15.0% reduction of peak intensity in the STED xy pattern [ Fig. 5(d) ]. In comparison, for the STED z defocus method, the xy-resolution and the fluorescence peak intensity are identical to the standard isoSTED case. Finally, for the STED z pattern, both methods have identical effects [Figs. 5(e)-5(g)] as expected.
In conclusion, we have demonstrated that the elimination of axial sidelobes in isoSTED nanoscopy is possible using phase manipulation in the STED z beam. This approach has advantages over the alternative method of misaligning the two opposing objectives, which reduces the fluorescence signal and worsens the lateral resolution. We note that the simulation is not perfectly accurate: the transition dipole moment of the fluorophore and the molecule size are not accounted for. However, for circularly polarized light for both excitation and depletion, in combination with the depolarization effect of fluorescence, these approximations are justified from a practical perspective.
In practice, the described phenomena might already be utilized to some extend because chromatic aberrations can lead to a wavelength-dependent axial shift between the PSFs of the upper and lower objectives. However, in the proposed realization using an SLM, this can be done in a controlled manner, which avoids compromises in resolution and SNR. Moreover, our approach might allow STED nanoscopy at lower STED intensities because sidelobes are more easily suppressed. This principle can further be combined with general aberrationcorrection approaches [17] and can be generalized to other phase modes opening the door to more-advanced PSF engineering in isoSTED nanoscopy, such as a 3D hollow depletion pattern generated by a single beam, and multiple spots for parallel imaging. 
